The paper shows the importance of retaining Hartree and Fock terms, appearing after mean-eld decoupling, in the treatment of charge ordered phase of the tW model, with implications to extended Hubbard model.
Introduction
Charge order in condensed matter is subject of current research in connection with high-temperature superconductors [1] , manganites [2] , organic conductors [3] and other materials [4] . Sophisticated methods can be used in the investigations yet the starting point of research is very often mean-eld approximation (MFA). It consists in treating the operators as composed of averages plus the uctuations, and then omitting the products of uctuations (considered to be small). The averaged operators may be chosen in many ways from exact, multi-operator products of second quantization creation and annihilation operators. We may keep the orderings we want to examine and omit the non-interesting ones. In particular, in the Hubbard model and its extensions, which are most often used in the research of previously mentioned materials, so called Hartree (chemical potential shift) and Fock (average kinetic energy) terms arise [5] . As they appear in all phases (including normal one), even if no special ordering is considered, they can be regarded as basic (to the extent, that even the term MFA is often used interchangeably with the term HartreeFock approximation HFA). Nevertheless, those very terms are often omitted from the calculations, especially the Fock term [57] . Despite there are arguments justifying such a procedure [5] , inclusion of those terms is a rst step towards more accurate solutions and going beyond MFA. The present paper shows the results of (broken symmetry) HFA, including both kinds of terms, applied to charge order (CDW) phase of tW model (but with some results applicable also to tU W model) compared to the well-known results obtained without Fock term [5] .
Formulae
We start with the extended Hubbard Hamiltonian 
CDW order parameter is given as the dierence of electron densities in the two sublattices A and B:
where e i QRi = −1 for any translation R transforming one sublattice into the other and N is number of lattice sites. In the reciprocal space
and 
which will bring single-particle energy into the form: 
(and grand canonical potential Ω /N = F/N −µn), where
M. Bak
Boltzmann constant, and with quasiparticle energies
where
After dierentiation in the saddle point one can obtain the equations for the CDW phase
where we changed from the lattice sums to the energetic integrals with the density of states (DOS) ρ(ϵ) (due to the presence of the vector Q, the lattice sums are over the half of the Brillouin zone, which translates into the integrations from ϵ/D = −1 to 0, for symmetric DOS'es) and we dened:
Normal state (NO) equations can be obtained from these by putting ∆ = 0. Remember that properly simplied E α in this way yields ϵ in normal phase (not | ϵ|). Let us note that there are analytic solutions for rectangular DOS [5, 6] at T = 0 (see Appendix).
Results
The following results were obtained for the rectangular DOS and z = 4; all variables are in D units.
As the form of ϵ shows, the Fock term is connected with the W parameter, so to better evaluate the inuence of this term we will perform the calculations mostly for U = 0 (and W = 0.25). In Fig. 1 jump at n = 1 we have then a positive slope of µ(n), between some densities n x and 2 − n x . Beyond that range the compressibility is still negative and phase separation still exists. In the ground state it is a phase separation between NO state at some density and CDW at n = 1, for higher temperatures between NO and CDW with n from the range between n x and 1 (or between 2 − n x and 1). Let us note that the behavior of µ(n) may be dierent from µ(n): the latter may show negative slope while for the same U and W the former may not. The phase separation is decided by the behavior of the independent variable of the grand canonical potential Ω , i.e. by µ. Hartree terms in (6) and (7) As was shown in Ref. [8] NOCDW transition is of I order, unlike suggestions in earlier literature [9] . Present calculations conrm that fact, even with inclusion of the Fock term. Let us note that omitting the Hartree terms:
V n/2 and −N V n 2 /4, V = U + 2zW , from Eqs. (6) and (7), respectively, moves I o.t. boundary towards lower W values (and is responsible for appearing of critical value of W cr , above which PS (= CDW+NO) exists in the whole range of electron densities [8, 10] , except n = 1).
Inclusion of the Hartree terms makes I o.t. boundary very close to II o.t. boundary (and removes W cr [7] ). Let us note also, that n in PS areas is weighted average of fractions with n no and n cdw . the PS areas are likely to be diminished or even removed by other pairings (or incommensurate CDW), if they are only allowed [6, 8] and changing U and W parameters, keeping constant V , may also stabilize other pairings (e.g. AF for U > zW [1] ), a possibility not considered here.
The present paper is at dierence with calculations omitting the Hartree term from Eq. (7) and treating µ as an eective potential [8] . The example shown in the current paper (∂µ/∂n > 0, while ∂µ/∂n < 0) suggests that eective potential calculations yield broader range of existence of phase separation compared to present work.
The results concerning CDW phase in HFA are closely related to results concerning antiferromagnetism (AF)
in HFA (e.g., [8] ), as CDW order parameter (o.p.) is transformed into AF o.p. by electronhole transformation.
As no magnetic orderings are considered, current results should also agree with the results of tW spinless model [7] . 
